Slip deformation in compatible bicrystal models with a tilted angle grain boundary subjected to tensile load is investigated using a finite element crystal plasticity analysis code. The accumulation of geometrically necessary dislocations (GNDs) and statistically stored dislocations (SSDs) is studied in detail. Uniform deformation was expected to occur because the mutual constraint of crystal grains through the grain boundary plane does not occur in compatible bicrystals, but some results of the analysis show asymmetric deformation with the accumulation of GNDs near the grain boundary caused by the difference in strain hardening of slip systems, kink bands perpendicular to the primary slip direction and secondary slip bands parallel to the primary slip plane with accumulation of GNDs on the primary slip system in the form of bands. The mechanism of dislocation pattern formation in the bicrystals with a tilted angle grain boundary is discussed from the viewpoint of an imaginary disclination deformation field with pair body interaction.
Introduction
The plastic deformation of polycrystalline metal is caused by a combination of the slip deformation and elastic deformation of each crystal grain. Since the restraint interaction of deformation occurs through the grain boundary plane by elastic incompatibility stress and strain incompatibility (1) , the plastic shear deformation and accumulation of geometrically necessary dislocations (2) occur near the grain boundary. Accordingly, it is considered that the accumulation of geometrically necessary (GN) dislocations with nonuniform deformation is caused by the restraint interaction of deformation through the grain boundary plane. However, under some conditions, nonuniform deformation with a GN dislocation structure occurs in the crystal grain, even if bicrystal models satisfy the requirement (3) , (4) in which the mutual constraint of crystal grains through the grain boundary plane does not occur (5) , (6) . In our previous study, we concluded that the accumulation of GN dislocations is caused by the incompatibility of shape change (5) , (6) , and that the GN dislocation structure that grows inside the crystal grain expands nonuniformly to form macroscopic deformation (6) . In this way, the investigation of bicrystal models is effective for understanding the pair interaction of crystal grains and the effect of crystal grain boundary in which the mutual constraint of crystal grains occur through the grain boundary plane.
In the case of bicrystal models with a tilted angle grain boundary, the spatial disposition of slip systems is asymmetric. The accumulation of an asymmetric GN dislocation structure with nonuniform deformation affects the restraint interaction of slip deformation in bicrystal models. In this study, the effects of asymmetric nonuniform deformation with GN dislocation structure formation on subsequent deformation in compatible bicrystal models with a tilted angle grain boundary subjected to tensile load is investigated in detail.
Basic Equation
Slip deformation in face-centered-cubic crystals is assumed to occur on the {111} crystal plane and in the < 110 > crystal direction. The combinations of these slip planes and slip direction defines 12 slip systems. The activation condition of slip system n is given by the Schmid law:
and
where σ i j and θ (n) denote the stress and the critical resolved shear stress on slip system n, respectively. The slip plane normal vector v 
whereγ (m) denotes the increment of plastic shear strain on slip system m, and h (nm) denotes the strain-hardening coefficient.
If the slip deformation is small and rotation of the crystal orientation is neglected, the constitutive equation is written as (7) 
where S e i jkl denote elastic compliance and summation is carried out over the active slip systems.
The critical resolved shear stress is assumed to be given by the following modified Bailey-Hirsch relation (8) :
where θ 0 denotes the lattice friction term, a a is numerical factor close to 0.1, µ is the elastic shear modulus,b is the magnitude of the Burgers' vector, Ω (nm) is the interaction matrix that defines the reaction between dislocations on slip systems n and m, and ρ (m) s is the density of statistically stored (SS) dislocations that accumulate on slip system m, In addition, the increment of the SS dislocations is given as (8) 
where c is a numerical coefficient on the order of 1, L
denotes the mean free path of dislocations on slip system n which is expressed by the following dislocation-densitydependent-model (9) , (10) :
where c * is a material constant, and c * = 15 is assumed in this paper. ω (nm) is the dislocation interaction matrix. The norm of the edge and screw components of the GN dislocations defines the scalar density for the GN dislocations (11) :
where ξ (m) and ζ (m) denote directions parallel and perpendicular to the slip direction on the slip plane, respectively.
The strain-hardening coefficient in Eq. (3) is given by
3. Model Figure 1 shows the bicrystal model employed in this study. The specimen has width l = 200 and thickness t = 10 µm. Grain boundary planes are perpendicular to the x -y planes of the model, which uniformly divide the model into 3 200 finite elements. The continuity requirements of strain components across the grain boundary plane between grains 1 and 2 are given by the following relationships (5) , (6) :
yy , ε
where ε
yy , for example, denotes the sum of elastic and plastic strain components and the superscript denotes the grain number.
The elastic compliance data for standard crystal orientation are S 11 = 1.0, S 12 = −0.25 and S 44 = 2.5 [×10 −11 m 2 /N], and the interaction of crystal grains due to the effect of the elastic incompatibility stress (11) does not occur through grain boundary planes. Figure 2 shows the rotation crystal coordinate and Euler angles (κ, θ, φ). A summary of the components of the slip direction and normal direction of the slip plane on the primary slip systems is shown in Table 1 . Values of the Schmid tensor for the primary slip systems are shown in Table 2 , in which the initial crystal orientation of grains 1 Table 2 Slip system number, Schmid-Boas notation, and Schmid factor formed under tensile load in the y-axis.
Analytical Results and Discussions

1 Effect of initial crystal orientation on GN dislocation structure
In the previous study, we observed that nonuniform deformation took place with the accumulation of highdensity GN dislocations in the form of bands in symmetric bicrystal models depending on boundary conditions and the combination of the crystal orientation (5) , (6) , and that the GN dislocation structure exhibited nonuniform deformation behavior. In this study, we discuss the effect of asymmetric GN dislocation structure formation in bicrystal models with a tilted angle grain boundary on subsequent deformation behavior. Figure 3 shows the difference in deformation behavior for each initial crystal orientation when the macroscopic nominal strainε yy is 0.01%. The distributions of plastic shear strain are displayed from maximum to minimum values. The edge and screw components of GN dis- The shape change of crystal grains by free slip deformation on the primary slip system was restricted by the grain boundary and boundary condition. This is known as the incompatibility of shape change. As a result, plastic shear strain γ (9th) was distributed nonuniformly, as shown in Fig. 3 (a) -(d) . Since the incompatibility of the shape change of crystal grains is asymmetric in the grain boundary, the distribution of γ (9th) becomes asymmetric in grain boundary plane. High-density GN dislocations accumulate in the form of bands from the intersection of the top (bottom) plane and the grain boundary as shown in Fig. 3 (e) -(h) . This GN dislocation structure is composed of an almost perfect edge dislocation density component, in which GN dislocation density increases in proportion to the absolute value of the Schmid tensor P (9th) 12 of grains 1 and 2, as shown in Fig. 3 (e) -(l) .
In the result for α (1) = 49
• in which GN dislocations accumulate with high density, screw dislocation density components accumulate slightly in the local area near the intersection of the top (bottom) plane and the grain boundary. This phenomenon shows the activation of secondary slip systems in the local area (6) . As shown in Table 2 In crystal grain 2, the slip system (111)[110] is active in the local area near the intersection of the top (bottom) plane and the grain boundary, as shown in Fig. 4 (h) . However, in other areas, the deformation behavior shows only single slip behavior on the primary slip systems (111) [101] . In this way, since the spatial gradient of the plastic shear strain is induced on the primary slip system (111)[101] and the secondary slip system (111) [101] near the grain boundary, the accumulation of GN dislocations occurs near the grain boundary area, as shown in Fig. 4 (c) -(d) and (g ). Since the difference in strainhardening between grains 1 and 2 occurs depending on the location of the active slip system, the condition of restriction interaction of deformation becomes renewed during the increase in macroscopic nominal strain.
The analytical results of macroscopic nominal strain ε yy = 1% are shown in Fig. 5 . The difference between the in the distribution of SS dislocation density becomes significant depending on the difference in the active slip system between crystal grains 1 and 2, as shown in Fig. 5 (a) -(b) and (e) -(f), which indicates a considerable difference in strain hardening. In this way, deformation behavior becomes renewed during the accumulation of dislocation near grain boundaries and the subsequent formation of GN dislocations as shown in Fig. 5 (c) -(d) and (g) -(h) . In particular, the renewal of the distribution of plastic shear strain on the secondary slip system (111) [101] in crystal grain 1 is significant remarkable, as shown in Fig. 5 (e) .
2 Estimation of pair interaction by disclination type displacement field
In the case of bicrystal models with a tilted angle grain boundary, the accumulation of GN dislocations occurs near the grain boundary, where there is a difference in active slip systems. In this case, the pair interaction of the bicrystal model becomes renewed during the increase in macroscopic nominal strain. The mechanism of the nonuniform deformation and the development of the GN dislocation structure is understood to have two stages, as shown in Fig. 6 (a) -(b) and (b) -(c) . Figure 6 (a) -(b) shows the free deformation of individual crystal grains that are caused by slip on the primary slip system. Figure 6 (b) -(c) shows the interaction of crystal grains via grain boundary planes and the resulting nonuniform deformations. Mutual interaction between crystal grains and nonuniform deformation occur to satisfy boundary conditions and the continuity of the displacement through the grain boundary. The displacement field around the intersection of the top (bottom) face and the grain boundary is similar to that for wedge disclination deformation, as shown in Fig. 7 (a) -(b) . In the case of twist deformation, the displacement field is similar to that for twist disclination deformation as shown in Fig. 7 (a) -(c) near the intersection of the top (bottom) plane and the grain boundary (13) . Wedge disclination defects spread depending on the distance from their core, and their direction is similar to the line of the edge dislocations when the direction of the disclination core is perpendicular to the direction of the Burgers vector, as shown in Fig. 7 (a) . Since the line of edge dislocation is geometrically required to exist on the primary slip plane, the pattern of GN edge dislocation bands develops from intersection of the top (bottom) plane and grain boundary to inside grains 1 and 2, as shown in Fig. 3 
(e) -(h).
It is well known that deformation bands (kink band and secondary slip band) indicate a stable condition of the dislocation structure, which is formed during the transient stage from stage I to stage II of slip deformation (14) . The direction of development of kink bands is perpendicular to the direction of the Burgers vector, whereas the direction of development of secondary slip bands is parallel to the primary slip plane (14) . Thus, the edge dislocation structure on primary slip systems reproduces the formation of kink bands.
Activation of the secondary slip system is necessary to develop a disclination displacement field around the intersection of the top (bottom) plane and the grain boundary during the increase in macroscopic nominal strain. The direction of the dislocation structure on the secondary slip systems in the form of bands is parallel to the primary slip plane. This formation of the GN dislocation structure on the secondary slip system results in the formation of secondary slip bands. It is possible that the superposition of the GN dislocation structure caused by the incompatibility of the shape change, and the grain boundary accumulation of GN dislocations caused by strain incompatibility will be estimated from the considering the twist disclination displacement field, as shown in Fig. 5 (c) -(d) .
In this way, the asymmetric nonuniform deformation and formation of the GN dislocation structure in the bicrystal models with a tilted angle grain boundary are related to and estimated by the imaginary disclination displacement field around the intersection of the top (bottom) plane and the grain boundary.
Conclusion
The effects of asymmetric nonuniform deformations with the formation of a GN dislocation structure on the subsequent deformation behavior were studied in detail. The results are as follows.
( 1 ) The grain boundary accumulation of GN dislocations was caused by the difference in strain hardening on the active slip system, and the formation of the GN dislocation structure was caused by the incompatibility of shape change induced by slip deformation in the compatible bicrystal model with a tilted angle grain boundary.
( 2 ) Nonuniform deformation and formation of the GN dislocation structure in the bicrystal model were related to and estimated by the imaginary disclination displacement field around the intersection of the top (bottom) plane and the grain boundary.
( 3 ) The defect of the imaginary disclination displacement field can be shown as the line of an edge dislocation, which is geometrically necessary on the primary slip system. As a result, the shape-change incompatibility was composed of a single slip of a primary slip system, whereas the GN dislocation structure was composed of an edge dislocation component in the form of bands from the imaginary disclination core perpendicular to the slip direction. This formation of the GN edge dislocation structures on the primary slip system reproduced the formation of kink bands.
( 4 ) Activation of the secondary slip system was necessary to develop a disclination displacement field around the intersection of the top (bottom) plane and the grain boundary during the increase in macroscopic nominal strain. In addition, the direction of the dislocation structure on the secondary slip system in the form of bands is parallel to the primary slip plane. This formation of the GN dislocation structure on the secondary slip system resulted in the formation of secondary slip bands.
